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Abstract 

The outstanding electrical and mechanical properties of graphene make it very attractive for several appli- 
cations, Nanoelectronics above all. However a reproducible and non destructive way to produce high quality, 
large-scale area, single layer graphene sheets is still lacking. Chemical Vapour Deposition of graphene on Cu 
catalytic thin films represents a promising method to reach this goal, because of the low temperatures (T < 900 
°C) involved during the process and of the theoretically expected monolayer self-limiting growth. On the contrary 
such self-limiting growth is not commonly observed in experiments, thus making the development of techniques 
allowing for a better control of graphene growth highly desirable. Here we report about the local ablation effect, 
arising in Raman analysis, due to the heat transfer induced by the laser incident beam onto the graphene sample. 
This technique could allow for the production of high quality graphene monolayers in the future. 

PACS: 61.80. Ba, 81.15.Gh, 61.48.Gh, 81.05.ue 
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Background 

Graphene (a single bidimensional layer of carbon 
atoms arranged in an hexagonal lattice) has at- 
tracted a major interest in the last few years because 
of its astonishing electrical [l}[3] , mechanical [4j and 
chemical properties [5j[6], that makes it a good can- 
didate for the future development of nanoelectronics 
devices. Although the main properties of this ma- 
terial are nowadays well known from a theoretical 
point of view, an efficient and highly reproducible 
method to grow high quality, large-scale area, single 
layer graphene films, suitable for practical applica- 
tions, is still lacking. For this reason, several tech- 
niques have been developed in the last years in or- 
der to achieve this goal: the most important are the 



epitaxial growth of graphene by thermal sublima- 
tion of SiC [7 11 , the Chemical Vapour Deposition 
(CVD) synthesis of graphene on various metal cata- 
lysts [12-21 and the chemical reduction of graphene 
oxide [22-25 . Among these, CVD technique seems 



to be one of the most promising methods because of 



the reported possibility 14 of obtaining highly uni- 
form, defect-free graphene flakes as large as ~ 100 
jum 2 in a reproducible, highly accessible and unex- 
pensive way. 

Since CVD synthesis needs a catalyst to activate 
the chemical decomposition of the carbon precur- 
sor (usually methane or ethylene) used for graphene 
growth at low temperatures (T < 1000 °C), the use 
of many metals (Ir 26], Ru [27, Pt [28}[29], Fe [30 
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Ag [31], Ni [l4][T6l[32], Cu [l8][T9l[33]) as catalysts 



during the process has been reported in literature. 
Cu is one of the most promising catalyst [34] because 
of the low C solid solubility in it (0.001-0.008 weight 
% ~ 1084 °C): this property brings to the forma- 
tion of only soft (not covalent) bonds between the it 
electrons of 2p z orbitals of sp 2 hybridized C atoms 
and the 4s electrons of Cu, without formation of any 
carbide phase during the growth process. As a con- 
sequence, formation of graphcne should stop after 
one single layer has been formed: this makes CVD 
growth of graphene on Cu very attractive. Nonethe- 
less, many experiments show that actually such a 
self-limiting behaviour is hardly observed, since few- 
layered graphitic structures are usually grown on Cu 
substrates. 

For this reason, to obtain graphene monolayer, 
several post processing techniques have been pro- 
posed to selectively etch atomic graphene layers. 
Among the various approaches (e.g. heat-induced 
etching by oxy gen [35] , e-beam lithography as- 
sisted technique 36|37| , graphene cutting by carbon- 
soluble metals 38 39]) the thinning of atomic car- 
can be a 
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bon multilayers by laser irradiation 
promising method to obtain graphene monolayer. In 
the last work authors show how the central role in 
graphene etching is held both by the laser irradia- 
tion used for the Confocal Raman Spectroscopy per- 
formed on the samples, and by the Si02/Si substrate 
on top of which few-layered graphene has been trans- 
ferred: the heat produced by the irradiation "burns" 
(in presence of oxygen) locally the outermost C lay- 
ers, while the innermost layer (the one bounded to 
the substrate) is left unetched because of the pres- 
ence of the Si02 layer acting as heat sink. 
Cu, being a metal, has thermal conductivity higher 
than Si02 and can represent therefore an enhanced 
heat sink, so it can be expected to observe a similar 
behaviour also for graphene grown by CVD on it. 

Here we report the change in shape and position 
of the G and 2D peaks observed in Raman spectra 
acquired at different time intervals on the same spot 
of a graphene sample synthesized by CVD on Cu 
thin films: the evolution of the spectra, clearly in- 
dicating that the structure of graphene is changing 
during the exposure to the laser used during Raman 
analysis, is compatible with a decrease in the number 
of graphene layers present on the substrate. This de- 
crease may be attributed to the same laser-induced 
etching effect observed on graphene deposited on 
Si0 2 /Si substrates. If this is the case, an efficient 



and easy graphene etching technique can be devel- 
oped and a promising way to obtain high uniform, 
large-scale area, monolayer graphene can be envis- 
aged. 



Methods 
Cu deposition 

The samples subjected to CVD process have been 
prepared by e-beam evaporation of 500 nm copper 
thin film on top of a p-type (100) oriented Si wafer 
(~ 1 cm 2 ) with ^300 nm thermal SiC>2. The depo- 
sition has been carried out in a load-lock chamber 
at a base pressure of ~ 10~ 8 mbar and deposition 
pressure of ~ 10 -6 mbar, with an average growth 
rate of 3 — 5 A/s. 

The thickness d of deposited Cu film has been chosen 
in order to limit the known problem |34| of dewet- 
ting occurring on very thin films (d < 500 nm) at 
temperatures > 800 °C. 

Scanning Electron Microscopy (SEM) images of 
the samples (taken with a FEI InspectF Scanning 
Electron Microprobe) after Cu deposition show a 
uniform coverage of the Si02 surface characterized 
by a Cu polycrystallinc structure with grains of ~ 70 
nm as typical size ( Figure 1 ) . 




Figure 1 - SEM Analysis of e-beam evaporated Cu thin films 
as deposited 

SEM imago of the samples after e-beam evaporation: the poly- 
crystallinc structure of the film, pointed out by the presence of 
grains of average size ~ 70 nm, is clearly visible. 
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CVD growth process 

Before undergoing CVD process, samples have been 
carefully cleaned in acetone and isopropanol. CVD 
has been then performed in a Rapid Thermal An- 
nealing (RTA) system (Jipelec JetFIRST 100) suit- 
able for depositions in Low Vacuum conditions 
(Pmin ~ 10~ 2 mbar) up to T max - 1300 °C. The 
system is equipped with four gas lines controlled 
through mass flow meters and is characterized by 
a small heat capacity allowing for fast cooling-down 
processes, up to ~ 300 °C/min (see Figure 2). 



The temperature of the system is controlled by a 
pyrometer, exposed to the back of the sample holder 
(a 4" Si wafer) and calibrated by means of a thermo- 
couple in contact with it ( Figure 2 1 . The pyrometer 



sets the power of the lamps. Since the Cu sample 
undergoing the CVD process is directly exposed to 
the lamps, the temperature reading by the pyrome- 
ter (correct in absence of Cu) is probably lower than 
the temperature reached by the surface during the 
process. Therefore, the real deposition temperature 
may be underestimated. We are performing some 
studies on this topic in order to solve this ambiguity 
in the future. However, at the temperature reached 
during the process as read by the pyrometer disso- 
ciation of CH4 and subsequent graphene formation 
take place, while the undesired Cu dewetting effect 
is prevented. 



Gas 




Pumping 
System 



grains present on its surface and, consequently, a 
low defective growth of graphene due to the re- 
duced number of grain boundaries. The synthesis of 
graphene has been performed by flowing ultrahigh 
purity CH4, with a flow rate of 10 seem, for 5 min- 
utes (pchambcr = 3.3 ■ 10 _1 mbar), without any H2 
flow, following 



19 



in which H 2 has been reported 
to be detrimental for the final quality of graphene 
sheets when using Cu thin films. After deposition 
the system has been cooled-down to room temper- 
ature in three steps: a first one (at a rate of ~ 42 
°C/min), down to 450 °C in gas- free conditions, a 
faster one by switching the heaters off (at a rate of 
~ 180 °C/min), till to - 270 °C, again in vacuum 
conditions and a final one carried out in nitrogen at- 
mosphere, to purge the system, down to room tem- 
perature. The thermal cycle has been reported in 
|Figurc 3] for clarity. 




1000 1500 
Time (s) 



Figure 3 - Expected thermal cycle for graphene deposition 

Illustration of the thermal process performed for CVD growth of 
graphene on top of Cu: see text for details. 



Figure 2 - RTA system for graphene deposition 

Schematic view of RTA system working principles: heating lamps 
provide heat only to the sample. 

The deposition process started with a fast heat- 
ing step, increasing the temperature up to 500 
°C, carried out in vacuum (p c hamber = 1-2 ■ 10~ 2 
mbar). A subsequent annealing step (10 minutes 
long), bringing the system to 725 °C, has been then 
performed under 40 seem of H2 (p c hambcr = 1-65 
mbar). Purpose of this step is to improve the qual- 
ity of the Cu film, by increasing the size of the 



Graphene transfer 

Graphene has been transferred from Cu to new 
insulating (285 nm-SiO^/Si) substrates by means 
of a standard chemical etching technique. Ap- 
proximately 1.5 /an of Poly(methyl-methacrylate) 
(PMMA) have been firstly deposited on graphene 
by spinning (at 5000 rpm for 1 minute) and heat- 
ing (at 165° C for 5 minutes) the samples several 
times. After PMMA deposition, samples have been 
dipped in a 0.5 M diluted FeCl 3 etching solution for 
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~ 4 hours (keeping them at 45° C to enhance etch- 
ing kinetics). Once Cu has been completely etched 
away from the samples, PMMA/graphene mem- 
branes have been picked up onto 285 nm-SiC^/Si 
substrates and PMMA has been finally removed with 
acetone. 



Results and discussion 

Graphene samples have been first characterized by 
SEM analysis and X-Ray Diffraction (XRD, per- 
formed with a Philips X'Pert Pro X-ray system using 
Co radiation beam at 0.8° incident angle) in order 
to investigate a change in granulometry and crystal- 
lographic orientation of the Cu surface, due to high 
temperature annealing under hydrogen flow. 

Figure 4"{ a) shows that Cu surface 



SEM image in 

reorganized itself at the temperature reached dur- 
ing graphene deposition: an increase of grain aver- 
age size (from ~ 70 nm to ~ 3 /im) is clearly ob- 
served, as expected. Copper still covers uniformly 
the sample surface, meaning that the temperature 
during the annealing and deposition processes was 
low enough and the growth time short enough to 
prevent dewetting effects on the catalytic film. Nev- 
ertheless, early stage formation of Cu droplets is ob- 
served ( Figure 4| b)). 




Figure 4 - SEM Analysis of Cu samples after graphene depo- 
sition 

SEM images of a Cu sample after CVD process: (a) Cu surface re- 
organizes itself by increasing the size of the grains; (b) Cu droplets 
formation starts to appear on top of the surface. 



In contrast to what observed in other works 19 



XRD analysis performed on our samples shows ( Fig- 



ure 5 ) slight changes in the preferential crystallo- 



graphic orientation of the grains present on the sam- 
ple surface after CVD process at the nominal tem- 
perature of 725 °C, involving both (111) and (220) 



directions, with a decrease in the I(m)/I(220) inten- 
sity ratio after the thermal treatment. This fact can 
probably be ascribed to the fast cooling-down rate 
chosen for the experiment. 



Figure 5 - XRD Analysis of Cu surface 

XRD analysis of the Cu surface: (a) as deposited after e-bcam 
evaporation; (b) after high temperature treatment at 725 °C. 



Samples have been finally characterized with Ra- 
man spectroscopy by means of a Renishaw In- Via 
Raman Microscope, equipped with He-Cd blue laser 
at 442 nm, avoiding in this way background emission 
of Cu when excited e.g. by green light 
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acquisition we have used laser power both at 1 mW 
and 0.1 mW, by varying consequently the exposure 
time of the samples to laser irradiation (in order to 
keep the amount of energy E = Pt transferred from 
laser light to samples fixed). 



The first spectrum ( Figure 6 ) has been acquired 



by setting the laser at low power (0.1 mW) and by 
exposing the sample to laser light for t — 800 s. 
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Figure 6 - Raman Spectrum of CVD graphene at low power 
and long acquisition time 

First Raman spectrum of not transferred CVD graphene grown 
on Cu, acquired with laser power 0.1 mW for 800 s. The pro- 
nounced baseline is typical of graphene Raman spectra acquired 
on Cu [4ll. 



4 



By repeating four times the acquisition in the 
same spot (of the order of 1 /im 2 ) at higher power 
(1 mW) but reduced exposure time (t = 80 s), we 
obtained the spectra shown in Figure 7^ a). 



(a) 
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Figure 7 - Raman spectra of CVD graphene at high power and 
fast acquisition time 

Raman spectra of CVD graphene grown on Cu acquired on the 
same spot at following time intervals (all the acquisitions have 
been performed at 1 mW for 80 s): (a) graphene onto Cu sub- 
strate; (b) graphene transferred onto SiC"2 substrate. 



Three prominent peaks are clearly visible: (a) 
the D peak at ~ 1340 cm -1 associated to a defect 
induced inter-valley scattering, (b) the G peak at 
~ 1594 cm -1 due to in-plane optical vibrations of 
carbon atoms in the hexagonal crystalline structure 
and (c) 2D peak at a Raman shift varying between 
~ 2698 and ~ 2710 enr 1 due to a double-resonant 
inter-valley scattering involving two in-plane optical 
phonons [Tl[T9j|42p4 



It is possible to notice in 
particular that while the G peak shape and position 



are unaffected by laser exposure (only a slight in- 
crease in intensity is worthy of note) , the D and 2D 
peaks change significantly their structure. We have 
carefully analysed both the position and the FWHM 
of the 2D peak for all spectra. The comparison of 
the results we have obtained is reported in |Table l| 
(the table is reported in Sec. "Tables" at page [9]) 
and Figure 8 '&) . 



(a) 
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Figure 8 - 2D peak evolution with number of Raman acquisi- 
tions 

Behaviour of position and shape of 2D peak of Raman spectra 
acquired in the same spot of the sample: (a) graphene onto Cu 
substrate; (b) graphene transferred onto Si02 substrate. (Insets: 
change in position and intensity of the single Lorcntzian curves 
used to fit the 2D peak of the spectra). 



The results clearly show a significant evolution 
in the 2D peak shape: this fact may be attributed 
to some change in the graphene-like structure grown 
on Cu. The evolution here reported is compatible 
with a decrease in the number of graphene layers 
present on the Cu substrate, as suggested by the 
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lowering in the Raman shift position of the peaks 
centre and by the sharpening of the 2D peaks ob- 
served while the exposure to laser light is increased 
in time. This suggestion is confirmed by the eval- 
uation of the Ig/I2D ratio of the four spectra: the 
ratio is decreasing as expected for a decrease in the 
number of graphene layers 12 42 44 45 , as shown 
in |Table 1| However, the results do not permit to 
make a clear quantitative estimation of the number 
of graphene layers present on the Cu substrate before 
and after the exposition to the laser light during Ra- 
man analysis, because they do not completely agree 
with the typical values reported in literature for po- 
sition and FWHM of 2D peak of mono-, bi- and few- 
layer graphene. We can nevertheless conclude that 
the laser beam is probably acting on the sample by 
etching away the outermost graphene layers grown 
during CVD process on Cu catalyst: as discussed 
the heat given by the laser in presence of 
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oxygen atmosphere, "burns" graphene layers up to 
the innermost layer (the one directly bounded to the 
Cu surface), protected from burning by the presence 
of the substrate acting as an heat sink. Since Cu is 
a good heat conductor, it allows for a more efficient 
heat exchange through the substrate with respect to 
the case of graphene grown onto Si02- 

The origin of the prominent D peak (increasing in 
intensity as the number of acquisitions increases) is 
not completely clear yet: it can be attributed to the 
acquisition of the spectra on a point of the sample ly- 
ing on a grain boundary of the Cu substrate (result- 
ing in a change of the crystallographic orientation of 
graphene flake through it) or to the presence on top 
layer graphene surface of some chemical species (like 
hydrogen) acting as short-range scattering centres 
and introducing changes in graphene band structure 
(reflected in the Raman spectrum). However, the in- 
crease of the D peak can be explained also in terms 
of defects (such as vacancies) produced in graphene 
crystal structure by laser irradiation. Further inves- 
tigations are underway. 



Conclusions 

In summary, it has been presented a possible way to 
locally etch graphene layers based on laser heating 
released during Raman analysis. Graphene struc- 
ture (crystallization degree and number of layers) 
evolution can be monitored and inferred by looking 
at the Raman spectra acquired on the sample. The 
technique is suitable in particular for etching layers 
of graphene grown by CVD on a metal catalyst. In 
our case we have reported results obtained with Cu: 
by lightening the sample with incident laser light 
at quite high power (> 1 mW) for short time peri- 
ods (~ 80 s) a clear sharpening and lowering of the 
2D peak position is observed in Raman spectra, to- 
gether with a decrease in the Ig/I2D ratio. These 
results are compatible with a decrease in the num- 
ber of graphene layers grown on the metallic sub- 
strate. Instead the G band is unaffected by the ir- 
radiation, meaning that graphcne-likc structures are 
always present on Cu. Finally, D peak increases in 
intensity as function of the laser exposure, meaning 
an increasing of defects in the graphene structure. 
We believe that the method can be easily applied to 
other metallic substrates: since the technique deeply 
relies on the dispersion of the heat provided by laser 
irradiation through the substrate, the most impor- 
tant feature required for the substrate is its high 
thermal conductivity. 

Although some catalysts, like Cu, are very 
promising for CVD synthesis of graphene because 
of the expected self-limited mono layered growth of 
this material on them, a few-layered structure is of- 
ten found in experiments. Laser etching here re- 
ported can therefore provide an easy, in-situ and 
well working technique to get rid of this problem. 
However, laser can also have an active role in induc- 
ing unwanted defects, such as vacancies in pristine 
graphene films: for this reason the proposed method 
shall be further developed. A successful implementa- 
tion of such a technique can represent a new route in 
the research for a reproducible and large-scale area 
formation of single layer graphene films. 



Raman analysis performed on transferred 
graphene samples using the same experimental setup 
(laser at 442 nm, power P = 1 mW and exposure 
time t — 80 s) confirms the behaviour observed in 
the spectra acquired on graphene/Cu substrates. A 
similar evolution in shape and positions of the peaks 
is obtained for subsequent spectrum acquisitions, as 
shown in Figure ]Jb) and |Figure 8[ b). 



List of abbreviations 

Abbreviations used in the text: 

• CVD: Chemical Vapour Deposition; 

• SEM: Scanning Electron Microscopy; 
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• RTA: Rapid Thermal Annealing; 

• PMMA: Poly(methyl-methacrylate) 

• XRD: X-Ray Diffraction. 
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Tables 

Table 1 - 2D peak position and sharpness, Ic/br) ratio 

Comparison of the position and FWHM of 2D peaks of subsequent Raman acquisitions as extracted by a single Lorcntzian fit and 
evolution of the Ig/I2D ratio (spectra from [Figure 7| |Figurc"8| ■ Note: results concerning transferred graphene are affected by a higher 
uncertainty because of pronounced secondary peaks (possibly due to residual PMMA used for graphene tcansfcr) present in the Raman 
spectra (scc|Figurc 7[b)), making the fit procedure less accurate. 



Acquisition 


Graph 
Raman Shift 
(cm" 1 ) 


ene on Cu 
FWHM 
(cm" 1 ) 


Ig/I2D 


Graph 
Raman Shift 
(cm -1 ) 


ene on Si02 
FWHM 
(cm -1 ) 


Ig/I2D 


1 


2711.4 


70.0 


0.86 


2704.0 


40.3 


1.01 


2 


2701.3 


60.0 


0.60 


2702.7 


37.7 


0.79 


3 


2699.8 


49.2 


0.56 


2699.0 


43.8 


0.80 


4 


2698.2 


46.6 


0.46 


2701.1 


38.7 


0.61 
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